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Abstract: Effective adaptation determines agricultural vulnerability to climate change, especially in
the pre-industrial era. Crop management as an agricultural adaptation to climate change in recent
human history, however, has rarely been systematically evaluated. Using Europe as our study area,
we statistically compared yield ratio of wheat, rye, barley, and oats (an important performance
indicator of an agrarian economy) between Eastern and Western Europe in AD 1500–1800. In
particular, a statistical comparison was made of crop yield ratio in the two regions during the warm
agricultural recovery period AD 1700–1800. The general trend of crop yield in Eastern and Western
Europe basically followed the alternation of climatic epochs, in which the extreme cooling period
in AD 1560–1660 drastically reduced the crop yield ratio. The yield ratio of rye in Eastern and
Western Europe was very similar throughout the entire study period. However, the yield ratio of
wheat, barley, and oats showed different patterns in the two regions and increased drastically in
Western Europe in the warm agricultural recovery period, which might have contributed to rapid
socio-economic development in Western Europe and eventually the East–West Divide in Europe in
the following centuries.
Keywords: climate change; crop yield ratio; non-parametric analysis; Eastern and Western Europe;
early modern era
1. Introduction
Global climate change has exerted a significant influence on human life, covering almost every
aspect of our societies [1]. Agricultural production is regarded as the sector most sensitive to climate
change because it is highly dependent on climatic conditions; this was especially true in the early
modern era when the technological level was low [2]. The interaction between climate change and
agricultural production has long been conceived as an arena where only a minimum level of technology
is available to overcome natural impacts. Deteriorating climate could drastically reduce agricultural
production within the context of the early modern period. Given that the agricultural sector was the
basis of agrarian economies in the pre-industrial era, climate-induced agricultural shrinkage often
translated into various socio-economic crises during the time, an observation supported by empirical
evidence [3,4].
Crop yield ratio has been highlighted in historical studies and employed in examining agricultural
productivity [5]. In agrarian societies, crop yield ratio not only reflects their social production capacity,
but also indicates their macro- and micro-economic performance [6]. As the implication of analyzing
crop yield ratio has been increasingly realized, a growing number of studies have examined the
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socio-economic impact of climate change in pre-industrial Europe via the use of crop yield ratio, and
those studies are often conducted in a quantitative manner [7–9]. In addition, crop yield ratio has also
been employed to explore the effectiveness of agricultural adaptation in pre-industrial Europe [10].
Nevertheless, the analysis of crop yield ratio has multiple constraints:
First, although crop yield ratio has been employed to investigate the effectiveness of labor and
land input in boosting agricultural production [10], various types of crops (i.e., wheat, rye, barley, and
oats) are treated as an aggregate, while their combination has not been considered. Wheat, rye, barley
and oats are categorized as “small grain” crops, and between 80 and 95 percent of the early modern
population directly depended on them [11,12]. In recent human history, bumper crops contributed
positively to the agricultural sector and facilitated economic recovery, while people chose bumper
crops according to their biological characteristics [13]. In this regard, historical combination/selection
among these four crops deserves extra attention. Even in the present day, altering crop combination is
considered to be an important adaption to climate change [14]. Therefore, historical choices of crops
should be further investigated.
Second, pre-industrial Europe is often taken as a spatial aggregate when examining the link
between climate change and agricultural production [7,8,10,15]. However, agricultural adaption to
climate change at the sub-continental level is insufficiently explored, though there are some studies on
the social impacts of climate change at the sub-continental level [16,17]. Hence, the regional dynamics
of crop management in response to climate change in early modern Europe are not well understood.
Third, previous studies focused on the disastrous impact of extreme cooling on agricultural
production in Europe during the Little Ice Age [18,19], while recovery of agricultural production after
the cooling was neglected. As part of a complete economic cycle, the recovery stage of an agrarian
economy deserves as much attention as its crisis stage.
In this study, we sought to address the above issues. Fine-grained paleo-climate and historical
crop yield data together with statistical methods were employed. We focused on the assessment
of agricultural production efficiency under major climate fluctuations in early modern Europe via
the scrutiny of various crop yield ratios. Through regional comparisons, the differences of crop
management efficiency and agricultural recovery capacity were revealed.
2. Materials and Methods
We delineated our study area as Europe as per current administrative boundaries. Europe is one
of the original major grain centers in the world and has a long history of crop cultivation, especially
for “small grain” crops [20]. In addition, Europe has detailed records on climate history [21]. Data of
crop yield ratios are also available, which have been repeatedly employed in previous studies [7–10].
Scale is both a methodological issue inherent to observation and an objective characteristic of
complex interactions within and among social and natural processes [22]. This study was mainly
conducted at the sub-continental scale. We followed the Köppen Climate Classification to divide
Europe into two macro regions, namely Eastern Europe and Western Europe (Figure 1) [23,24]. The
classification is based on the concept that native vegetation is the best expression of climate [25].
Boundaries of climate zone are delineated according to the types of vegetation cover. This study
focuses on the climate-agriculture nexus. As the classification considers the connection between
climate and vegetation, we followed it to boil down our study area into sub-regions (i.e., Eastern and
Western Europe).
A major methodological difficulty, however, persists. Early history is less precise than recent
history, and written records are minimal and insufficient. Records in earlier eras are more fragmented
than those in modern times. Nowadays, the agrarian economy is not only influenced by agricultural
production, but also by industrial goods and international trade [26]. Thus, studying the pure
relationship between climate fluctuations and the agrarian economy is difficult. Consequently, the
study has been confined to AD 1500–1800. Our study time span overlaps with the Little Ice Age
(between the sixteenth and mid-nineteenth centuries), as dated in most publications [27]. In addition,
it covers the “General Crisis of the Seventeenth Century in Europe,” which is described as a period of
widespread social disorder characterized by economic distress, political unrest, and population decline.
Agriculture 2016, 6, 29 3 of 17
Agriculture 2016, 6, 29 3 of 18 
 
 
Figure 1. Map of Europe divided by Köppen Climate Classification. Blue part—Eastern Europe; 
Green part—Western Europe. 
A major methodological difficulty, however, persists. Early history is less precise than recent 
history, and written records are minimal and insufficient. Records in earlier eras are more fragmented 
than those in modern times. Nowadays, the agrarian economy is not only influenced by agricultural 
production, but also by industrial goods and international trade [26]. Thus, studying the pure 
relationship between climate fluctuations and the agrarian economy is difficult. Consequently, the 
study has been confined to AD 1500–1800. Our study time span overlaps with the Little Ice Age 
(between the sixteenth and mid-nineteenth centuries), as dated in most publications [27]. In addition, 
it covers the “General Crisis of the Seventeenth Century in Europe,” which is described as a period 
of widespread social disorder characterized by economic distress, political unrest, and population 
decline. 
During this period, agricultural shrinkage is one of the most important aspects of the General 
Crisis. Widespread agricultural shrinkage has been reported, covering a number of countries such as 
England [19], Poland [28], Germany [29], France, and Russia [30]. In addition, social instability 
triggered and fueled by economic (agricultural) failure, happened across Europe [31]. Many conflicts 
and wars occurred in Europe during the crisis period, including the Thirty Years War in Germany, 
the Wars of the Three Kingdoms, the Protectorate and the Glorious Revolution in Britain and Ireland, 
internal revolts in the Ottoman Empire, the climax of the Dutch Revolt and so on. Briefly, “General 
Crisis of the Seventeenth Century in Europe” is characterized by widespread socio-economic and 
political chaos. 
The major time span of the crisis period is generally considered as AD 1560–1660, and it officially 
ended at the start of the eighteen century (AD 1700) as stated by contemporary historians [32–34]. 
Figure 1. Map of Europe divided by Köppen Climate Classification. Blue part—Eastern Europe;
Green part—Western Europe.
During this period, agricultural shrinkage is one of the most important aspects of the General
Crisis. Widespread agricultural shrinkage has been reported, covering a number of countries such
as England [19], Poland [28], Germany [29], France, and Russia [30]. In addition, social instability
triggered and fueled by economic (agricultural) failure, happened across Europe [31]. Many conflicts
and wars occurred in Europe during the crisis period, including the Thirty Years War in Germany,
the Wars of the Three Kingdoms, the Protectorate and the Glorious Revolution in Britain and Ireland,
internal revolts in the Ottoman Empire, the climax of the Dutch Revolt and so on. Briefly, “General
Crisis of the Seventeenth Century in Europe” is characterized by widespread socio-economic and
political chaos.
The major time span of the crisis period is generally considered as AD 1560–1660, and it officially
ended at the start of the eighteen century (AD 1700) as stated by contemporary historians [32–34]. This
study thus focuses particularly on the agricultural recovery period in Europe in the warm eighteenth
century (AD 1700–1800).
Our goal was to compare historical trends of crop management as the adaptatio approach to
major climate fluctuations at the centennial and sub-continental scales. Th s, attention was paid neither
to i dividual incidents that could temporarily distort agricultural production n r to exceptional c ses.
We believed that this rather broad-brush approach, although not without limitations, suits the scope of
the present study.
2.1. Data Source
Our datasets were primarily obtained from our previous study on pre-industrial Europe [9]. The
data from this previous publication have been validated. In the following sections, the source of data
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will be illustrated more in detail. In this study, quantitative methods were primary and qualitative
methods were supplementary in verifying the effectiveness of crop management. Details of our
datasets and methods are stated below.
2.1.1. Temperature and the Delineation of Climatic Phases
Temperature has been proven to be more important than precipitation in determining the agrarian
economies in pre-industrial Europe at the large spatial scale [7,15]. Moreover, temperature is also the
appropriate indicator of climate change at the large spatial scale [35] and the most important factor of
plant cultivation [36]. Thus, we adopted temperature to represent climatic conditions in this study
within the macro-scale geography.
The temperature anomaly series was derived from six authoritative annual temperature
reconstructions of Europe, namely the annual temperature reconstruction for European land areas
by Luterbacher et al. [37]; the summer temperatures since Roman times by Luterbacher et al. [38];
the annual temperature dataset by Osborn and Briffa [27], who combined the regional temperature
series nested within Europe; the temperature reconstruction based on tree ring chronologies in central
Europe by Büntgen et al. [39]; the temperature reconstruction based on documentary records in central
Europe by Dobrovolný et al. [40]; and spring–summer temperature reconstructions in Europe by
Guiot et al. [41]. Because different proxies and methods were employed in the above reconstructions,
we first normalized them to homogenize their original variability. These normalized temperature series
were then arithmetically averaged to generate the European temperature composite we adopted in this
study (Figure 2). Based on this temperature composite, two major epochs were delineated. First, the
period AD 1560–1660 was delineated as “extreme cooling period” during the Little Ice Age, which is
also coincident with the major time span of the General Crisis of the Seventeenth Century in European
history. Second, the warm AD 1700–1800 period was delineated as “agricultural recovery period”.
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t f Luterbacher et al. [37]; the green line is of Luterbacher et al. [38];
the blue line is of Osborn and Briffa [27]; the grey line is of Büntgen et al. [39]; the purple line is of
Dobrovolný et al. [40]; and the red line is of Guiot et al. [41]. The bold black line is the arithmetic average
of the six normalized temperature reconstructions, which was employed in this study. Blue shade
indicates the extreme cooling period during the Little Ice Age (AD 1560–1660), while red shade indicates
the warm agricultural recovery period (AD 1700–1800).
2.1.2. Crop Yield Ratio
Our analyses were primarily based on crop yield ratio of wheat, rye, barley, and oats to assess
agricultural productivity and scrutinize the effectiveness of crop management in our study area [5].
There are few good substitutes for wheat, rye, barley, and oats, particularly in the pre-industrial
period [42–44]. The crop yield ratio data used in this study were derived from the dataset of
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van Bath [45]. Crop yield ratio is defined as grain yield ratio in relation to seed. Yield ratio was
calculated as follows:
Yield ratio “ Harvest amount
Seed amount
(1)
Crop yield ratio is taken as one of the most important indicators reflecting the general picture of
agricultural productivity. Yield ratio could be considered as an indicator of past agricultural production
efficiency and has been adopted for a number of reasons, mainly on account of the widely varying
usage by medieval stewards of local customary measures, which often precludes any accurate means of
yield measurement in terms of grain output per unit area [5]. Thus, an impression of the vulnerability
of the surpluses upon which the elaborate civilization of Europe rested can be derived by examining
the harvest yield ratios [46].
Van Bath’s dataset contains the crop yield ratio in 18 European countries [45]. The crop yield ratios
of those countries were arithmetically averaged to obtain the one for the whole of Europe, as well as for
Eastern Europe and Western Europe, respectively. Aggregating the data from different countries will
help eliminate or neutralize a specialty in some local regions and provide a more accurate impression
over a large area. Data aggregation should often be treated with caution, especially if data are from
different sources and in different units, as in the case of Olmstead and Rhode [47]. However, in our
study, the yield ratio data are from a single source (van Bath [45]), and the data across those European
countries are in uniform units. Given the above circumstances, it is believed that the risk of our data
aggregation is within acceptable range.
2.2. Formatting of Mathematical Components
Although the data employed in the study are published in international refereed journals, with
their reliability verified, the data quality issue still cannot be totally ignored.
In this study, to further minimize the possible risk brought by data imperfection, we thus adopt
a long term and macro perspective to investigate the link between major climate fluctuations and
agricultural adaption. We also recognize that some records in some specific years may be not accurate
enough. However, if we seek to obtain a big picture by including a large number of cases or records, the
associated findings are reliable to draw an accurate historical account [48], similar to a questionnaire
study [49]. In the study, two different kinds of statistical methods have been applied, which are
explained in detail below.
2.2.1. Non-Parametric Analysis
The records of crop yield ratio in van Bath’s [45] dataset, which is the original source of yield
ratio in Zhang et al.’s research [9], were derived from different sources all over Europe. Against this
background, we applied non-parametric analysis to extract the general trends of crop yield ratio. The
non-parametric method makes fewer assumptions on the nature of data quality and distribution. The
results of the non-parametric method would be particularly useful to the assessment of performance
from a general perspective [50]. This method is operationalized by the statistical software R. The model
of non-parametric analysis is described as:
yi “ f pxiq ` εi (2)
f px0q “ 1nh
nÿ
i“1
tWpx0 ´ xi
h
q ˆ xiu (3)
where h is the bandwidth of the local regression. W is the weighted function to each value xi around
x0. The fitted value at x0, that is, the estimated height of the regression curve, is py0 “ a. Therefore, in a
very small neighborhood, the yi can be written as the following simple function:
yi “ a` ei (4)
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The above function is correct only in a small neighborhood. In the model, we use average weight
to calculate the trend. If the xi within the small neighborhood of x0, weight value is 0.5; otherwise,
it is 0. Because the weight in total should be 1, that is,
ř
Wi “ 1; therefore, the weight value is 0.5:
Wpzq “ 0.5 f or |z| ă 1
Wpzq “ 0 f or |z| ě 1 (5)
In the above context, zi = (xi ´ x0)/h. It is typical to adjust h so that each local regression includes
a fixed proportion s of the data. s is called the span of the local-regression smoother. The larger
the span, the smoother the result is. We built on the general trends of crop yield ratio, which were
obtained from the above method, to compare the agricultural production efficiency between Eastern
and Western Europe.
2.2.2. Analysis of Variance (ANOVA)
One-way analysis of variance (ANOVA) was employed to statistically compare the recovery
capacity of the agrarian economy (in terms of crop yield ratio) between Eastern and Western Europe in
the warm AD 1700–1800 period (i.e., the agricultural recovery period).
3. Results
Figure 3 shows the general trends of crop yield ratio in Eastern and Western Europe that were
obtained from the non-parametric analysis. The overall condition of crop yield ratio was calculated by
averaging the yield ratio of the four types of crops (i.e., wheat, rye, barley, and oats). The averaged crop
yield ratio in both Eastern and Western Europe (Figure 3) exhibited similar fluctuations with regard to
the change of temperature (Figure 2). Beginning in AD 1500, the crop yield ratio dropped in both of
the two regions. The drop was drastic in AD 1560–1660, the extreme cooling period occurring during
the Little Ice Age. Only after AD 1700 did the crop yield ratio begin to rise above the bottom. Despite
the above similarities, the differences between Eastern (Figure 3A) and Western (Figure 3B) Europe are
also apparent. During the extreme cooling period, the decrease of crop yield ratio in Eastern Europe
was more drastic than that in Western Europe. Since AD 1650, the grain yield in Western Europe has
been higher than that in Eastern Europe. In addition, the crop yield ratio in the eighteenth century
was higher than that in the sixteenth century in Western Europe but that was not the case in Eastern
Europe. Furthermore, only Western Europe showed an elevated level of crop yield ratio throughout
the study period.Agriculture 2016, 6, 29 7 of 18 
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Figure 3. Average crop yield ratio in Eastern and Western Europe. (A) Average crop yield ratio in
Eastern Europe; (B) average crop yield ratio in Western Europe. Note: Scatter plots in the figure are the
raw data of crop yield ratio. Red line represents the general trend of crop yield ratio that is derived
from non-parametric analysis. Blue shade indicates the extreme cooling period during the Little Ice
Age (AD 1560–1660), while red shade indicates the warm agricultural recovery period (AD 1700–1800).
Following the analysis of the general pattern of averaged crop yield ratios in the two macro
regions, the four types of crops were separated fo further analysis. In Eastern Europe, the patterns
of four types of c ops in Figure 4 ar simil to the general p ttern of crop yi ld change as shown i
Figure 3A, except for rye. urth rmor , as shown in Figure 5, the fluctuati n of rye yield ratio exhibits
a different pattern in Western Europe, while the other thre types of rops are more or less similar to
the general trend of crop yield ratio as shown in Figure 3B.
Fixing on the regional variation of crop yield ratio changes, it was observed that the yield ratio of
rye in both Eastern and Western Europe was very similar during the entire study period. Furthermore,
the rye yield ratio bounced back first after the extreme cooling of the Little Ice Age, in both Eastern
and Western Europe. Nevertheless, the regional divergences of crop yield became more pronounced
afterwards. For instance, in Eastern Europe, only rye showed signs of recovery after the extreme
cooling, while the yield of the other three types of crops in the eighteenth century was lower than that
in the sixteenth century. In Western Europe, however, the yield of all of the crops in the eighteenth
century exceeded their previous levels in the sixteenth century except rye. Furthermore, in Western
Europe, the yield ratio of wheat, barley, and oats increased remarkably and reached a new height in
the eighteen century.
In the comparison of crop yield ratio between Eastern and Western Europe in the agricultural
recovery period AD 1700–1800, rye differentiated from the other three types of crops, as its yield ratio
between Eastern and Western Europe was not statistically significant. However, the crop yield ratios
of wheat, barley, and oats in Western Europe were all higher than those in Eastern Europe. As the crop
yield ratio is a chief indicator of agricultural productivity, the higher crop yield ratios of wheat, barley,
and oats in Western Europe imply that, in general, agricultural productivity in Western Europe was
higher than that in Eastern Europe in the eighteenth century. Given that the period is after the extreme
cooling in the Little Ice Age, the higher crop yield ratio in Western Europe in the eighteenth century
also implies a more effective agricultural recovery mechanism there.
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4. Discussion
The general trend of crop yield ratio in Eastern and Western Europe basically followed the
alternation of climatic epochs, and the extreme cooling period of AD 1560–1660 resulted in the drastic
reduction of crop yield ratio. Additionally, the yield ratio of rye in both Eastern and Western Europe
was very similar throughout the entire study period. On the other hand, the yield ratio of wheat,
barley, and oats was higher in Western Europe, especially in the agricultural recovery period in
AD 1700–1800. In addition, the yield of wheat, barley, and oats increased drastically in Western Europe
during the time.
Within the context of the agricultural sector, simple adaptation to climate change usually refers
to substituting current vulnerable cultivars with climate-resistant ones [51], including any changes
in crops, cultivars, sowing dates, sowing rates, tillage practices, use of inputs and so on. In the past
and in modern days, some cases occur wherein current varieties (species) become unfeasible choices
under climate change [52,53]. Farmers find it relatively easy to cope with change through the planting
of new crop species [54]. This also applies to past agricultural production, which was characterized by
a lower technological level.
Notably, new crops such as maize and potatoes were introduced to meet subsistence needs. Both
of these could be good substitutes for grains to significantly augment the food-producing capacity of
the land [55]. However, in the early modern era, farmers had very few alternatives. The introduction
of new food was a prolonged process, though maize was introduced into Europe beginning in the
mid-1500s [56]. The acceptance of potatoes and maize as food crops in Europe was closely related to
rapid population growth after AD 1750 [57]. Potato was an uncommon crop before the second half of
the eighteenth century, and most farmers were prejudiced against maize as food [58], leading them to
plod along the same paths that their ancestors had trodden [59,60]. Wheat, rye, barley, and oats were
the only acceptable options for farmers adapting to climate change during the study period. Therefore,
in early modern Europe, selection of bumper or cold-resistant crops, which is a feasible means of
adaptation, was largely limited to wheat, rye, barley, and oats. In this regard, a brief background of
these four crops is discussed below for additional information.
4.1. Relative Importance of Wheat, Rye, Barley, and Oats in Pre-Industrial Europe
Rye was the dominant crop in Europe in our study period. However, it was not initially
intentionally sown. Before its cold-resistant characteristics were widely recognized, rye was sown
as a separate crop [61]. After the Renaissance, rye was more prominent than wheat and became the
predominant bread grain. It was gradually replaced by wheat in the nineteenth century [62]. During
the Middle Ages in Europe, rye was more important than wheat [63,64]. As agriculture extended
to marginal areas to cope with the negative climatic impacts on grain harvest during the Little Ice
Age [10], rye was generally the most popular food crop in Europe in our study period [65].
The prevalence of wheat in the human diet is relatively recent. The use of wheat as a bread grain
grew rapidly between the late nineteenth century and the first half of the twentieth century [66]. In the
past, most people in Europe relied more on coarse crops [62]. Furthermore, wheat was only cultivated
to pay for dues and rent, or for export as an economic commodity [67]. Global expansion of wheat
production mainly occurred in the twentieth century, followed by an increase in wheat planting area
and yield [68].
Barley was grown more extensively than wheat, and apparently was more highly regarded as
human food [69]. Although barley was the most important crop in the Roman era, it was replaced by
rye during the Middle Ages [64]. In addition, barley is often valued for its forage quality of hay and
for its relative earliness, providing harvestable grain when other crops are still growing.
Oats were always marginal in status. Oats were regarded as an uneconomical and poor-land
crop, useful for planting in poorer soils [70]. They were only grown when population pressure forced
encroachment into marginal areas. Oats were usually employed as a nurse crop for other agricultural
use [71], and only in climates with lower temperatures were they considered as food [72].
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Briefly, rye was the major food crop on the European continent in our study period. This may
explain why the yield ratio of rye in Eastern and Western Europe was very similar in the entire study
period (Table 1 and Figures 4 and 5). On the other hand, wheat, barley, and oats were marginal crops,
particularly in Eastern Europe, where their yield ratios in the eighteenth century were lower than those
in the sixteenth century. The marginal status of wheat, barley, and oats implies that their cultivation
was more determined by regional context, which may account for the variation of their yield ratios in
Eastern and Western Europe.
Table 1. ANOVA for various crop yield ratio between Eastern and Western Europe in AD 1700–1800.
Mean Eastern Europe Western Europe Comparison F p
Wheat 4.243 3.885 4.601 Eastern<Western 37.499 0.00 **
Rye 6.013 6.065 5.961 - 0.598 0.44
Barley 5.324 5.058 5.591 Eastern<Western 4.674 0.03 *
Oats 4.075 3.291 4.859 Eastern<Western 88.612 0.00 **
** Significant at the 0.01 level (p < 0.01); * Significant at the 0.05 level (p < 0.05).
4.2. Crop Selection as a Means of Adaptation to Climate Change
Given that rye was the major crop and that wheat was not popular in Europe in our study time
span, only barley and oats could serve as additional choices during the time. Those crops were usually
cultivated in newly opened farmland. Barley could be cultivated at temperate regions in spring and
summer [73], but it is not particularly cold-tolerant [74]. Oats could adapt to a wide range of soil
conditions, but it is also not cold-tolerant [62,75]. When the cooling prevailed, barley and oats could
not serve as bumper crops.
Since rye is the most cold-resistant crop among the four types of crops, in a cold climate, rye
should be widely cultivated to maintain the food supply. In a previous study, it was found that
increasing land input was the most effective method to bump up harvest and relieve climatic impacts
among past societies [10]. Barley and oats could serve as nurse crops (particularly oats) because of
their biological characteristics [71]; they were planted in marginal areas to increase arable land area
and, eventually, the food supply in pre-industrial Europe.
Indeed, there were limits for increasing land input to increase harvest. Although Europe was an
agrarian hub, there had been little opportunity for simple expansion of cultivable land. Only Eastern
Europe had unused lands that could be agriculturally productive [76]. In Eastern Europe, arable land
existed in relatively unlimited supply, and there was nothing to prevent people from inhabiting these
new lands [77]. However, this was not the case in Western Europe. For instance, shrinkage of wheat
production in Spain in the seventeenth century was primarily caused by the exhaustion of cultivable
land [78].
Overall, crop management was obviously employed as a means of adaptation to major climate
fluctuations in early modern Europe. Rye was chosen as major crop in our study period, probably
to relieve the impact of low temperature during the Little Ice Age. However, the efficiency and
effectiveness of crop management were often determined by many other factors. Agriculture was
sensitive to price changes and other market factors in early modern Europe [79]. Crop (particularly
bumper crop) cultivation was determined by market factors [80]. For instance, oats were regarded as
“uneconomical,” except for planting in poorer soils, due to their lower yield compared to wheat, rye,
and barley [70]. The prevalence of wheat resulted primarily from the improvement of bread-making
techniques [63]. Furthermore, government played an essential role in crop management [81]. In
addition, making the best choice at precisely the right time was always a challenge. Most importantly,
the selection of cold-resistant crops might have played a positive role in maintaining harvest in some
small regions or short time spans, but it may not have been effective at long temporal and large spatial
scales [7,9]. This phenomenon can be revealed by the drastic reduction of the yield ratio of rye in both
Eastern and Western Europe during the extreme cooling period in the Little Ice Age (Figures 3–5).
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Notably, in the study, we have emphasized that the analysis is implemented at a large spatial and
long term scale. Each scale brings new problems and information coinciding with a new nature or
social interface [82–84]. Besides being a research question at the research level, scale is also an issue
of recognizing how our living planet has been regarded in history [85]. At a large scale, the complex
interactions between nature and human society are more obvious [86].
In terms of adaption, the institutional or technological capacity of past societies should not be
neglected. However, in the pre-industrial period, the general low level of technology is the common
image of the early modern world [87,88]. Even though humans could relieve the climatic effect
in the short run by adaptation, institutional and social buffering mechanisms ultimately would be
exhausted by the recurrent subsistence crises caused by long-term cooling [89]. Moreover, differences
in institutional or technological capacity at the national scale would therein be neutralized, if this
study takes Europe as the research region [90]. To clarify, at the scale in the study, we could identify
the significant influences of climate change on agricultural activities. If the scale is narrowed down or
shortened, other socio-economic factors should be considered, and their influences will possibly exceed
those of climate change [91]. Furthermore, in individual countries, some advancement in technology
could also be identified, such as in England [92,93] and the Netherlands [94]. In addition, some
agricultural techniques like the development of heavy plows might have contributed to agricultural
development [95], through more intensive and extensive cultivation, which was facilitated by the
improvement of farm tools, also resulting in severe environmental degradation in return [96].
4.3. Agricultural Divide between Eastern and Western Europe
As mentioned in the introduction, most of the studies of early modern Europe focus on the
climatic impacts on agricultural production in the Little Ice Age. However, the period of agricultural
recovery (the eighteenth century) has not been examined in detail. This study demonstrates that crop
yield ratio, which is a good indicator of agricultural productivity, is closely related to temperature.
Thus, the change of crop yield ratio after the extreme cooling in the Little Ice Age could indicate the
recovery capacity of the agrarian economy.
Table 1 shows that rye is the only crop whose yield ratio did not demonstrate significant differences
between Eastern and Western Europe. On the other hand, wheat, barley, and oats in Western Europe
showed higher yields than those in Eastern Europe. In agrarian societies, yield was the essential
performance indicator of the economy. As revealed by the crop yield ratio, economic disparity of
Eastern and Western Europe increased in the warm eighteenth century. The bumper crops positively
affected the agrarian sector, as well as other sectors, which initiated economic recovery [13]. The yield
of wheat, barley and oats increased drastically in Western Europe, but not in Eastern Europe, in the
eighteenth century, which may suggest that the speed of recovery in Western Europe was faster than
that in Eastern Europe.
In recent studies, although the East–West Divide in Europe since the last century has attracted
great research attention [97], it has been emphasized that such divide originated from a long historical
tradition, as well as from differences in culture and civilization [98]. The East–West Divide is reflected
in almost every aspect of life, and the course of agrarian history in Eastern Europe is in notable
contrast with that in Western Europe [99]. Economic conditions have been highlighted to explain the
East–West Divide, as well as religion, philosophy, culture and other factors [100]. However, there are
very few studies to explain the divide from the perspective of agricultural productivity. The above
mentioned crop yield ratio upsurge in Western Europe in AD 1700–1800 significantly contributed to
the regional economy.
In the agricultural sector, increasing land input was more feasible in Eastern Europe, while
increasing labor input was more feasible in Western Europe [46,101]. Labor input could have been
the momentum needed to increase crop yield ratio and agricultural production in the early modern
period, in spite of its limited effect [10]. As highlighted in previous studies, production output is
usually estimated by analyzing the labor input [102], especially in past agrarian societies with a low
technological level. In the pre-industrial era, agricultural production was labor-intensive; as such, the
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availability of farm labor was significant [103]. Labor input also has special advantages because it is
more elastic in supply compared to land [104]. Thus, labor is generally regarded as the abundant and
principal input in production [105]. In this regard, in Western Europe, better crop yield ratio in the
warm eighteenth century should have triggered the transfer of labor from agriculture to other sectors,
as it did in England [88]. Human resources are fundamental to national development; for example,
the advancement in technology in England was due to the increasing supply of unskilled workers in
cities [106]. With the help of large labor inputs, industrial sectors started to gain the momentum for
development, which might have contributed to the rapid social and economic development in Western
Europe in the following centuries.
5. Conclusions
In this study, we based our analysis on crop yield ratio, which is the essential indicator of
the economy in agrarian societies, to assess agricultural production efficiency under major climate
fluctuations in early modern Europe. Via regional comparison, the yield ratio of rye in Eastern and
Western Europe was found to be very similar. On the other hand, the yield ratio of wheat, barley, and
oats was higher in Western Europe. As revealed by the changes of crop yield ratio in different climatic
epochs, the disparity of the agrarian economies in Eastern and Western Europe was enlarged in the
warm eighteenth century. Bumper crops positively contributed to agriculture, as well as other sectors,
which initiated economic recovery [13]. The yield of wheat, barley and oats increased drastically in
Western Europe in the warm eighteenth century, which may imply that the speed of economic recovery
in Western Europe was more rapid than that in Eastern Europe during the time. In Western Europe,
larger crop output facilitated the transfer of labor from agriculture to other sectors. Surplus human
resources that are fundamental to national development would possibly have supported other sectors
to drive social development. This might have contributed to rapid socio-economic development in
Western Europe, and eventually to the East–West Divide in the following centuries. We do not deny the
importance of other factors in establishing the divide in Europe. However, we offer a new perspective
to explain the divide, which is grounded in the quantitative analysis of agricultural productivity in
early modern periods.
Currently, the issue of global warming has attracted much scholarly attention. Warming has
been unprecedented over the last two millennia, which is different from the warm eighteenth century
mentioned in this study. Potential impacts of climate change on human societies are still under debate.
Further research is needed to assess the climate–agriculture link under the global warming trend,
especially in some under-developed regions or countries that are still heavily dependent on agricultural
production. The findings in the study not only evaluated the effectiveness of crop management to
relieve climatic impact at a low technological level in past society, but also investigated the potential
to recover after climatic shocks. At a low technological level, the primary adaptation approach, like
the simple crop management strategy described in the study, is not enough. Thus, no doubt the
development of technology is the key step to addressing social vulnerability to climate change. In
addition, after climatic shocks, we also may accelerate recovery speed if we have more choices in terms
of socio-economic development, as illustrated in the study: Western Europe maintained a stronger
pace to heal the damages caused by the cooling impacts than did Eastern Europe in the recovery
period. Perhaps our empirical analysis of pre-industrial Europe could serve as a reference to attract
more attention to the recovery capacity of society after the impact of climate change in the future.
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